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Gasbuggy site location map (from DOE, 1986 
INTRODUCTION
The U.S. Department of Energy (DOE) and its predecessor agencies are responsible for nuclear weapons research and development as part of the national defense program. These activities include underground nuclear testing, and a small number of such tests have been conducted at sites distant from the Nevada Test Site (NTS). The Gasbuggy site is located in northern New Mexico, approximately 90 km northwest of Los Alamos (Figure 1 ). The Gasbuggy event was part of the Plowshare Program, and was designed to increase the natural gas production of a low permeability reservoir formation. The device had a yield of 29 kilotons, and was detonated 1,292 m below ground surface on December 10,1967. DOE has implemented an environmental restoration program with the goal of characterizing, remediating, and closing the offsite nuclear test areas. An early step in this process is performing a preliminary risk analysis of the hazard posed by each site. These analyses will allow prioritization of the sites in terms of risk, provide a quantitative basis for discussions with regulators and the public about future work at the sites, and provide a framework for assessing data needs to be filled by site characterization. Desert Research Institute is tasked with performing hydrologic risk evaluations for the groundwater transport pathway. This report details the results of the groundwater-transport evaluation for the Gasbuggy site in terms of radionuclide concentrations that could cross the site boundary. There are also predictions of distances past which radionuclide concentrations are expected to be below concentrations of regulatory concern. These results will be included with evaluations of risk due to surface sources at Gasbuggy to present acomprehensive site risk analysis in a separate report.
The basic scenario evaluated for this assessment is the groundwater transport of radionuclides introduced into the subsurface by the Gasbuggy nuclear detonation. This assessment strives to be as accurate as possible, but the lack of data requires that significant assumptions be made about some critical parameters. As a consequence of these limitations, the results of this modeling are meant to serve merely as a tool to guide further discussion and investigation, not as a definitive assessment of radionuclide migration at the Gasbuggy site. The analysis relies solely on unclassified data available to the general public. Although this may increase the uncertainty of the source term data, and result in the lack of transport calculations for certain radionuclides introduced by the Gasbuggy detonation, these issues can be investigated more thoroughly, and with much greater accuracy, after the acquisition of further data regarding contaminant transport at the site. Measured values were used wherever possible, but given the lack of data, calculations were performed for ranges of certain parameters. The assessment can be made more realistic with the acquisition of additional site data.
METHODOLOGY
A screening tool approach outlined in Daniels et al. (1993) , Andricevic et al. (1994) , and Andricevic and Cvetkovic (1996) was used to model radionuclide transport from the Gasbuggy site. The employed modeling approach incorporates real physical phenomena, such as instantaneous andor slow release from the source, advection, dispersion, sorption, mass transfer, and possible uncertainty in the model parameters. The output is the expected concentration profile as a function of time (e.g., concentration breakthrough curves) at the compliance point downgradient from the source, as well as the uncertainty around the expected concentration resulting from the natural hydrogeologic heterogeneity in general, and from the spatially variable groundwater velocity in particular.
The solute flux method is described in detail by Andricevic and Cvetkovic (1996) , while important elements of the approach can also be found in Daniels et al. (1993) and Andricevic et al. (1994) . The following summary is derived from these sources, but the reader is directed to these references for a detailed treatment of the method.
The contaminant migration process is described in the solute flux method through the Lagrangian concept of motion following a particle on the Darcy scale. In the absence of direct information on groundwater velocities near Gasbuggy, the mean velocity, u, is calculated using
where is the mean effective porosity. Hydrogeologic parameters such as K and ne can be highly variable as a result of geologic heterogeneity. Numerous studies of the variability of hydraulic conductivity have concluded that conductivity is generally log-normally distributed (Freeze and Cherry, 1979; Hoeksema and Kitanidis, 1985) . Thus, the natural logarithms of hydraulic conductivity data can be described by a normal distribution with a mean p l d and variance 021fi. The variance represents the variability of K about its mean, and may range from near zero for homogeneous deposits to five, or higher, for extremely variable porous media (Hoeksema and Kitanidis, 1985) . Because it is distributed in space, K usually has some degree of spatial correlation. The negative exponential function is often used to describe the Kcorrelation structure because it is found to correspond to log K data and is easy to use. The correlation length of K, A, represents the distance beyond which data points show weak correlation. The higher the value of 1, the greater the spatial continuity of K. When the log-normal distribution and the negative exponential covariance function are assumed, the heterogeneous, isotropic hydraulic conductivity field can be statistically characterized by three parameters: plfi, 021d, and A.
is the mean hydraulic conductivity, 5: is the mean hydraulic gradient, and If the parameters on the right-hand side of the Darcy equation are log-normally distributed, then so is and the estimate of the mean velocity is plnu = p i s + p l d -plnne. The variance of the estimated mean V , 021nI/, can be calculated as the sum of the variances of the other parameters, if sufficient data are available. The estimation error in U, O21nU, represents the magnitude of uncertainty in the estimate of U contributed by the estimation errors of K, J, and ne. The magnitude of the uncertainty in the mean velocity, G21nu, depends on the number of measurements used to estimate the parameters in the Darcy equation. In the case of independent measurements, G21nu = C T~~~~/ N , where G21n(/ is the variance in the velocity field and N is the number of measurements. For spatially correlated measurements, G21nu is scaled by N- '[ l+p(N-l) ], where p i s an averaged spatial correlation between data points.
The solute flux method evaluates movement of a solute from the source to a plane perpendicular to the direction of flow. Aquifer heterogeneity is included and represented by the variance of log-hydraulic conductivity, a21fi, and the hydraulic conductivity integral scale, A. The combination of the spatial variability of aquifer properties and the uncertainty in the estimates of these properties causes the solute flux to be a random function described by a probability density function (PDF). The mean and variance of the solute flux are converted to the flux-averaged concentration needed for risk calculations by dividing by the groundwater flux, Q. The first two moments of the flux-averaged concentration are important in determining the total risk level. The larger the magnitude of variance in the flux-averaged concentrations, the larger the maximum potential risk.
HYDROGEOLOGIC SETTING
The geology and hydrogeology of the Gasbuggy site are described by many authors, including Mercer (1967) , Rawson and Korver (1967), Fassett (1968) , Koopman and Ballance (1968a) , Koopman and Ballance (1968b ), Mercer (1968 ), Mercer (1969 , Sokol(1970 ), Weir (1971 ), and DOE (1986 .
The Gasbuggy event was conducted at a depth of 1,292 m below ground surface, within the Lewis Shale Formation (Figure 2 ). The Lewis Shale is directly overlain by the Pictured Cliffs Sandstone, the gas reservoir which the shot was designed to fracture. The Ojo Alamo Sandstone, the aquifer of concern at the site, is separated from the Pictured Cliffs by the Fruitland Sandstone and the Kirtland Shale. The Ojo Alamo is a fine-to medium-grained, clayey Tertiary sandstone containing minor shale beds (Mercer, 1967) . The bottom of the Ojo Alamo is 182 m above the shot point.
The Gasbuggy site is located in the San Juan Basin, which has a sedimentary thickness that ranges between 3,048 and 4,572 m. Although the San Jose Formation, Nacimiento Formation, and Ojo Alamo Sandstone all produce water at the Gasbuggy site, the Ojo Alamo was thought to be the only aquifer which could be affected by the nuclear shot. Based on this assumption, hydrologic testing was restricted to the Ojo Alamo, and the occurrence and movement of water in the other formations is poorly understood (Chapman and Hokett, 1991) . Water in the San Jose-Nacimiento-surface alluvium system is present within 100 m of ground surface. Both the San Jose and Nacimiento Formations are composed of sandstones and mudstones, but no information is provided as to whether the mudstones are of sufficient extent to act as confining layers (Stone et al., 1983) . The top of the Ojo Alamo Formation is 1,056 m below ground surface, but confining pressure causes the potentiometric surface to be approximately 300 m below ground surface. Although randomly oriented joints present throughout the San Juan Basin may conduct some groundwater flow, pore flow is believed to dominate. It is thought that no major natural connections between any of the water-bearing strata exist at the Gasbuggy site (Sokol, 1970) .
The Ojo Alamo probably has its primary recharge area in the southeastern portion of the San Juan Basin (DOE. 1986 ). The regional direction of groundwater flow is poorly defined, but is thought to be predominantly westward (Sokol, 1970 (Sokol, ) or northwestward mercer, 1967 , with the San Juan River (Figure 1 ) being the major discharge area (Sokol, 1970).
RELEASE SCENARIO
There are two potential sources for groundwater contamination by radionuclides at the Gasbuggy site: surface contamination from site activities (e.g., drillback operations and production testing), and subsurface contamination resulting from the radionuclides produced by the shot.
Contamination of soil water appears to have occurred in the vicinity of surface ground zero (SGZ) (Eberline Instrument Corporation, 1979) . This contamination resulted from the release of approximately 2.5 x 1015 pCi of 3H during gas flow testing operations (Holzer, 1970) . The released tritium was dispersed over an unknown, but presumably large, area by prevailing winds. The maximum concentration found during an air monitoring program at the time of the flow testing was 483 m from SGZ (DOE, 1986). Assuming the released mass was spread twice the distance at which the maximum concentration was measured, it would cover a circle centered on SGZ with a radius of 966 m. Further assuming that the tritium was evenly distributed in this area and instantaneously mixed throughout the root zone (assumed to be 1 m thick, with a porosity of 30 percent, of which . I and Stone et af. (1983) .
15 percent is saturated) once deposited on the land surface, this would produce a soil water concentration of 5.7 x 106 p e a .
The highest soil-water tritium concentration measured during site clean-up operations was 1.3 x lo6 pCi/L, near the gas flaring stack (Eberline Instrument Corporation, 1979) (a pre-cleanup syvey conducted by the El Paso Natural Gas Company (EPNG) recorded a peak value of 1.12 x lo7 pCi/L five years earlier). Tritium over the detection limit was only noted in localized areas, primarily near the flare stack and separator, suggesting that most of the mass released was widely dispersed through the atmosphere. Soil profiles from 1978 suggest tritium is typically present in soil water between 0.9 and 3.7 m below ground surface, with peak concentrations occurring between 1.2 and 1.8 m below ground surface (Eberline Instrument Corporation, 1979) . The depth of these peaks suggests a downward velocity on the order of 0.2 d y r . Mercer (1968) identifies 6.8 m as the depth to the shallow water table in the closest well to the site (5 km from SGZ). It could thus be expected to take several tritium half-lives before soil water enters the groundwater table. That entry would also cause further dilution of the mass; in this case, a 50 percent reduction in concentration, assuming the unsaturated zone has a water content of 15 percent in a total porosity of 30 percent. Starting with the concentration of 5.7 x 106 pC& given above, travel through the unsaturated zone to the water table could reduce this concentration to 1.43 x 106 pCi/L (two half lives), while entry to the water table might result in dilution to 713,000 pCi/L. This is believed to be an overestimation for the entire area originally considered (2.9 x 106 m2), but is an approximation that may be appropriate for shallow groundwater near the flaring facilities.
The fate of this tritium in the shallow subsurface is not certain, as information on the hydrogeologic characteristics of the alluvium and the San Jose Formation (which is present at the ground surface in the vicinity of the Gasbuggy site) is extremely sparse. Although two transmissivity values are known (Stone etal., 1983), the thickness over which they were measured is not reported, so hydraulic conductivity and velocity cannot be determined. The hydraulic gradient and direction of flow in the San Jose Formation are not reported in available literature, making any estimation of tritium transport impossible. The soil water (and possible shallow groundwater) tritium contamination is thus acknowledged here, but the remainder of this report focuses on the groundwater transport of radionuclides that may have been released below ground surface, and in particular, on the potential for radionuclide transport through the Ojo Alamo Formation.
The Ojo Alamo is the focus of this investigation because it is the only water-bearing formation within the zone of fracturing created by the shot. The remaining formations nearby in the stratigraphic column are either shale (the Lewis and Kirtland Formations) or gas-bearing sandstone (the Pictured Cliffs and Fruitland Formations); shale is generally regarded as an aquitard due to its extremely low transmissivity, and the sandstones in question are not considered to contain mobile water at the site (Rawson and Korver, 1967) . Even if water-saturated zones existed in the formations, and were in contact with the shot point, these formations have permeabilities lower than that of the Ojo Alamo (Rawson and Korver, 1967) , so any transport of radionuclides in the Lewis, Kirtland, Pictured Cliffs, or Fruitland Formations would be at a slower rate than in the Ojo Alamo, and would occur over a shorter distance within any given time (Rawson and Korver, 1967) . There is a possibility of migration of gaseous radionuclides through the Pictured Cliffs, but gas-phase transport is beyond the scope of the hydrologic analysis presented here. Though the Pictured Cliffs is a low permeability formation where gas production is routinely enhanced through hydraulic fracturing, and thus the formation is not conducive to transport even in the gas phase, the reader should bear in mind that gas wells completed in the Pictured Cliffs some distance from the site could potentially influence the migration of radionuclides.
Pressures measured in the Pictured Cliffs Formation (measured to be between 5.72 and 6.41 MPa, with an estimated maximum pressure of 7.28 MPa (Rawson and Korver, 1967) ) are lower than those found in the Ojo Alamo (7.65 MPa (Korver and Rawson, 1968) ), so if a hydraulic connection between the two formations exists, water should flow downward from the Ojo Alamo to the Gasbuggy cavity. Given this situation, migration of radionuclides from the shot to the Ojo Alamo is most likely to be limited to prompt injection of gaseous radionuclides under pressures created at the time of the explosion. It is possible that fractures extending from the cavity to the Ojo Alamo were created at the time of the shot, and that radionuclides were instantaneously ejected into the Ojo Alamo along these fractures by the force of the blast. According to Holzer (1970) , blast-produced offset and well casing fractures were present over 230 m from the shot point, and permanent displacements of up to 2.5 cm have been observed nearly 460 m from the test. Since the Ojo Alamo is present from 182 to 235 m above the detonation horizon, it is possible that the shot created fractures throughout the thickness of the Ojo Alamo.
Evidence for fracture connection and prompt injection from the cavity to the Ojo Alamo includes above-background tritium concentrations that were detected in water from the Ojo Alamo during reentry drilling, and were believed to be due to leakage of radioactive gas along the device arming and firing cable (Korver and Rawson, 1968) . There was also continued inflow of water from the Ojo Alamo into the cavity that caused problems with gas-production testing (Power and Bowman, 1970) , and pressure responses in the Ojo Alamo at well EPNG 10-36 ( Figure 3 ) coinciding with decreases in chimney pressure.
All the wells drilled for Project Gasbuggy (Figure 3 ) have been plugged (DOE, 1978) , so it is unlikely that they could act as conduits for the flow of radionuclides produced by the shot from the cavity to the Ojo Alamo, even neglecting the downward pressure gradient. Well EPNG 10-36, a gas well that was drilled prior to Project Gasbuggy, has been left open for use as a monitoring well for the Ojo Alamo. As discussed by Chapman et al. (1996) , it is highly unlikely that EPNG 10-36 has been the source of any upward migration of tritium from the Pictured Cliffs into the Ojo Alamo. Thus, the migration scenario evaluated here considers that the force of the blast causedradionuclides in the vapor phase to travel through fractures instantaneously to the Ojo Alamo.
DATA
The specific conceptual model evaluated in this exposure assessment is that of groundwater flow transporting radionuclides from the Gasbuggy cavity through the Ojo Alamo Sandstone to hypothetical receptor locations downgradient. Transport from the shot to the Ojo Alamo is assumed to occur by prompt injection of gases only. The hydraulic head relationship between the Ojo Alamo and Pictured Cliffs precludes any long-term migration of nuclides from d e shot cavity upward (Le., if a connection exists between the two units, flow would be from the Ojo Alamo downward into the Pictured Cliffs) (Power and Bowman, 1970) . Thus, transport of gaseous'radionuclides is assumed to take place instantaneously at the time of the shot.
By virtue of describing the solute flux through the Lagrangian concept of motion (following a particle on the Darcy scale), the analytical solution is actually independent of the transport medium, relying simply on the assigned transport properties. The only assumption required is that the particle trajectory not deviate significantly from the mean flow direction. This assumption is imbedded in the first-order approximation used to derive the arrival time moments of the moving plume (see Dagan et aL, 1992).
The method allows for matrix diffusion, a potentially important transport process by which solutes are removed from high velocity fracture flowpaths into adjoining matrix blocks. Within the matrix, where velocities are much lower than those in fractures, radioactive decay acts as an effective natural remediating process. In the absence of knowledge about the importance of fracture flow within the Ojo Alamo Formation, and given the lack of data on matrix diffusion at the site, the process was not considered for this report. Because matrix diffusion can significantly reduce radionuclide concentrations, neglecting it will result in conservative model output values.
The parameters used for the transport calculations are discussed in detail below. In some cases, .lack of data requires that significant assumptions be made regarding the appropriate input values. Parametric uncertainty in all of the hydraulic properties can beincluded through uncertainty in the estimate of the mean velocity, but because parameter values were estimated, sensitivity analyses were performed on parameter ranges instead.
Source Terms
The source term for tritium used in all models is 3.8 x 10l6 pCi, described by Sokol(l970) as the total amount of device-produced tritium present after the shot. This mass is an overestimation of the possible hydrologic source term to the Ojo Alamo because it is known that significant amounts of tritium remained in the cavity and chimney after the Gasbuggy test. For example, during flaring operations, approximately 2.5 x lOI5 pCi of tritium were produced (Holzer, 1970) . The entire mass was used as a first approximation because it was beyond the scope of this preliminary assessment to produce defendable estimates of the gaseous phase mass transported by prompt injection. The source mass is obviously a critical parameter to the calculations, and it should be remembered that a very conservative value is used here.
Though Sokol(l970) discusses the ultimate transport distances for 90Sr and 137Cs before decay renders their concentrations negligible, neither the calculated concentrations nor source data are given. Production values for 3H, and 133Xe are available in open literature (Korver and Rawson, 1968; Ward et al., 1966; Holzer, 1970) ; the rest of the radionuclide inventory produced by the Gasbuggy shot is classified. The scenario considered here requires gas-phase transport, limiting transport to radioactive gases and their decay products. The most significant of these are 90Sr and 137Cs, both of which have gaseous precursors. Without any declassified data on these radionuclides, the initial mass was calculated using a generic relationship between isotope production and device yield. The relationships used were as follows: 1.50 x loi4 pCi of 90Sr produced per kiloton yield, and 1.80 x loL4 pCi of 137Cs produced per kiloton yield (Borg et al., 1976) . Using a maximum possible yield of 32 kilotons (Holzer (1970) reports a yield for Gasbuggy of 29 f : 3 kilotons) results in an estimate of 4.8 x 10'5 pCi of 9oSr and 5.76 x 1015 pCi of 137Cs. It should be emphasized that these numbers are crude estimates. In addition, as for the tritium, it is a great overestimation to assume that the entire mass produced is forced into the Ojo Alamo. The amount (if any) of unburned nuclear fuel (including isotopes of Pu, U, and H) remains classified. Given the purpose of this modeling as a planning tool, and the importance of public access to achieving that purpose, no classified data are included in the analysis. This results in an underestimation of nuclides included in unburned nuclear fuel, and an uncertainty in the activation and fission products that can be reduced in future transport calculations.
Attenuation Factors
As discussed by Smith et al. (1995) , there are a number of factors that complicate the release function of various radionuclides from an underground test: heterogeneous spatial distribution (in melt matrix, on surfaces, etc.), solubility, sorption, and colloid formation. Smith et al. (1995) emphasize the importance of time in evaluating the transition from radiologic to hydrologic source term because the relative importance of the radionuclides changes during decay. All of these factors are essentially unknown for the Gasbuggy test, but the consideration of solely an instantaneous gaseous injection eliminates some of these concerns.
Distribution coefficients for 85Sr and 137Cs have been measured in the laboratory on samples collected by coring at the Gasbuggy site (Sokol, 1970) . lQ is strongly dependent on mineralogy and the geochemical environment (groundwater ionic composition, Eh, and most importantly, pH), and thus can vary widely in situ, as well as in laboratory tests conducted under different conditions. In addition, estimation of sorption behavior based on a lQ assumes a linear isotherm, or alternatively, evaluation of sorption at a single contaminant concentration. Sorption isotherms for many strongly sorbing radionuclides are highly non-linear. The sorption measurements published for the Ojo Alamo were performed on crushed samples at three different size fractions (Table 1) . The & used for the transport calculations is a spatially variable distribution coefficient made dimensionless by multiplying by the ratio of the bulk density of the Ojo Alamo (@B) (2.34 g/cm3 based on the average from 53 core measurements (Rawson and Korver, 1970) ) and the effective porosity (e) (0.13, average of core measurements (Rawson and Korver, 1970) ). It is assumed to be a stationary random field described by a mean (&) and variance ( 0~~2 . (1995) .
Discharge Mixing Area
The discharge mixing area is the cross-sectional size of the contaminant plume as it passes the control plane. It is used in conjunction with the average velocity and porosity to estimate the volume of groundwater which contains radionuclides.
For each model run, the discharge mixing area was calculated by estimating the transverse width of the resultant plume at the desired distance, and multiplying this value by the thickness of the Ojo Alamo assumed to be transporting radionuclides (24 m). To calculate the width of the plume at any given point downgradient, the formula was used, where W is equal to the downstream plume width, w, is the initial transverse source width (48 m, equivalent to the estimated cavity diameter), Of is the transverse hydrodynamic dispersion coefficient of the aquifer (assumed to be 1 m2/yr), and t i s the time of transport. The two terms in this equation represent the initial source width, and the amount of transverse dispersion and diffusion that occurs during transport to the control plane.
Since the value for Of was estimated, a sensitivity analysis was performed to determine how changes in the transverse hydrodynamic dispersion coefficient would alter model results for tritium transport. Values of 0.1 and 10 m2/yr were used in the sensitivity analysis.
Because the model used to estimate radionuclide concentrations assumes a point source, but the source size assumed here (48 m) is larger than the correlation scale (18.3 m, as discussed below), model results may be an overestimation of concentrations at the control plane. It should be emphasized that neither the source size nor the correlation scale are known values; they are simply estimated, based on the cavity diameter and the general relationship of correlation scale to transport distance, respectively. If, however, the source size is actually larger than the Correlation scale, assuming a point-source would eliminate any diffusion on a scale smaller than that of the correlation scale, which would result in increased concentration values because the area in which the radionuclide mass is contained is kept artificially small. For this reason, a sensitivity analysis was run to compare the mean tritium concentration and the mean concentration plus two standard deviations at the drilling exclusion boundary estimated by the point-source model to the values estimated by a model which incorporates source size into its calculations.
Distance to Control Plane
The Gasbuggy site monument at SGZ bears a plaque prohibiting drilling within a radius of 183 m. According to DOE (1983) , all lands within T29N, R4W, Section 36 were reserved for the use of the Atomic Energy Commission (AEC) prior to the shot, and the surface and subsurface operating rights to lands within the SW 1/4 of said section were also reserved for the AEC. Although the surface and subsurface rights were assigned to the AEC, in the absence of information regarding the current disposition of those rights, the drilling exclusion boundary described on the site monument was used to determine the control plane for groundwater migration. Groundwater was assumed to be flowing to the west (the regional direction of flow toward the San Juan River), resulting in a control plane 183 m west of SGZ. The injection of radionuclides into the Ojo Alamo is assumed to occur at the location of SGZ; i. e., directly overlying the shot.
Correlation Scale
The correlation scale (also known as the integral scale) is the distance beyond which two measurements of hydraulic conductivity tend to exhibit a weak correlation. A large value suggests a system with a high degree of spatial correlation, and has the net effect of extending the path length of higher conductivity conduits. Hoeksema and Kitanidis (1985) report arange for correlation scales of transmissivity in consolidated rock aquifers of 1,400 to 44,700 m (mean of 17,400 m), but these values refer to aquifer-wide properties, and it has been shown that the correlation scale increases systematically with increasing overall scale. Analysis of correlation and overall scales for a number of well-characterized sites reveals a predictable relationship of the correlation scales being approximately ten percent of the overall scale (Gelhar, 1993).
The correlation scale used was 18.3 m, one-tenth of the distance to the control plane. Because of the uncertainty in this value, a sensitivity analysis was performed to determine how changes in the correlation scale would alter the model results for tritium transport. Values of two and five times the estimated value (36.6 and 91.5 m) were used.
,
Effective Porosity
An effective porosity of 13 percent (0.13) was assumed for the Ojo Alamo, the average value for core samples from the Ojo Alamo (Rawson and Korver, 1967) . It should be noted that this value is reported to represent total porosity, as opposed to effective porosity. In spite of this fact, the value of 0.13 was used, because no value for effective porosity is reported in the available literature. The uncertainty in effective porosity is incorporated in the overall uncertainty in mean velocity, discussed in the following section.
Mean Groundwater Velocity
The mean groundwater velocity used in the transport calculations was 0.18 d y r . The mean velocity was calculated from values for aquifer transmissivity, thickness, and effective porosity, in conjunction with the regional hydraulic gradient. The dearth of hydrogeologic data from the Gasbuggy site made the selection of the parameters from which this value was calculated a difficult task. Alamo. Although this is not the highest transmissivity value reported for the Ojo Alamo, it was measured over a smaller thickness of the aquifer than higher values, and thus produces the highest value for hydraulic conductivity (0.0013 m/d) of any transmissivity value, contributing to a conservative estimate of groundwater velocity.
The total thickness of the Ojo Alamo is 53 m, but it is split by a thin layer of shale that is present roughly halfway through the formation. Although permeability in the Ojo Alamo is highly variable, the formation is typically more highly permeable in its lower portion than its upper portion ( Figure  4 ). The value for aquifer thickness used, 24 m, incorporates only the lower portion of the aquifer, which is the thickness on which the selected transmissivity value is based.
An effective porosity of 0.13 (Rawson and Korver, 1967) was used in the mean velocity calculation. As described above, this value is reported as representing total porosity, but was used in the absence of any data for effective porosity. The transmissivity values reported for the Ojo Alamo appear to be far below what would normally be expected for a sandstone with 13 percent porosity, so this value is likely an overestimation of effective porosity. If the effective porosity were actually 5 percent rather than 13 percent, the mean velocity would increase from 0.18 d y r to 0.46 d y r . This range in velocity is within the range considered for the sensitivity analysis, so sensitivity to effective porosity alone was not evaluated.
The hydraulic gradient across the central San Juan Basin is reported as 0.0057 by DOE (1986), but Sokol(l970) calculates the gradient to three possible groundwater discharge points on the San Juan River, with values ranging from 0.036 to 0.047. The value of 0.047 was selected, providing a conservative estimate of groundwater velocity.
The mean velocity used here, 0.18 d y r , is slightly higher than the 0.15 d y r used by Chapman et al. (1996) , and substantially lower than the 5.0 to 6.5 d y r used by Sokol(l970) . Chapman et al. (1996) also used the highest field-based hydraulic conductivity, but used a mean hydraulic gradient of 0.041 rather than the highest value of 0.047 used here. Sokol(1970) , on the other hand, uses the largest permeability measured on the cores, almost 0.05 m/d (Figure 4) , with the range in velocity deriving from arange in hydraulic gradient. Sokol(l970) chooses the highest core value in an effort to be conservative in his transport predictions, and his computations do not account for a spatially variable flow field. In the present study, the heterogeneous flow field is modeled using a mean velocity and variance in the hydraulic conductivity field (discussed in the following section). It would be a gross overestimation of the transmissive properties of the aquifer to assign the mean based on the extreme end of the data distribution. Rather, the occurrence of high conductivity flowpaths should be accounted for through the variance.
Although it is extremely unlikely that the conservative velocity estimated by Sokol(l970) is representative of overall groundwater velocity in the Ojo Alamo, or even of velocity in a continuous flowpath of any significant length, it was included in the sensitivity analysis for velocity to examine the potential impact of such high velocities on tritium migration. In addition, a velocity value was estimated by using the mean value for hydraulic conductivity (3.66 x The solute flux model includes an estimation error in mean velocity to account for uncertainty in the assigned mean velocity due to uncertainties in mean effective porosity, mean hydraulic conductivity, and mean hydraulic gradient. The lack of data did not allow calculation of these uncertainties at the Gasbuggy site. Instead, sensitivity analysis for the velocity value was used to examine the effects resulting from an estimation error. It is important to stress that the sensitivity analysis addresses the uncertainty in the mean velocity. The range of velocities in the flow field is incorporated through the spatial variability in hydraulic conductivity and would be expected to be much larger than the uncertainty in the mean.
Spatial Variability in Hydraulic Conductivity
It is known that hydraulic conductivity varies through space due to geologic variability. The variability in Kcreates flowpaths with both higher and lower mean velocities than those calculated using the mean K, and results in spreading of a contaminant plume along the direction of flow. The spreading is noted at the control plane as early arrivals in advance of the bulk of the contaminant mass, and a "tail" of trailing arrivals behind the bulk of the mass. The early arrivals caused by spatial variability in hydraulic conductivity are particularly important when considering transport of a decaying solute such as tritium because the mass of contaminant decreases with time. A large variance allows more variation in K about the mean value, and thus results in a distribution of velocities that can include much faster flowpaths than the mean. A lower variance restricts the spreading about the mean.
A value of 0.24 was used for the variance in the natural logarithm of hydraulic conductivity (1nK). This value was based on the three field measurements of hydraulic conductivity, and is reasonably consistent with the median value of 0.3 determined by Hoeksema and Kitanidis (1985) in their summary of consolidated aquifers. Because of uncertainty in the variance value, a sensitivity analysis was performed to determine how changes in the variance would alter the model results for tritium transport. A value of 0.704, the highest value of InKcited by Hoeksema and Kitanidis (1985) for a sandstone aquifer, was selected. A value of 3.01 was also used in the sensitivity analysis. This high value is based on the permeability data presented by Rawson and Korver (1967) for core samples from the bottom 24 m of the Ojo Alamo. Although this is the same portion of the aquifer used to determine the hydraulic conductivity value used in this report, the variance determined from small-scale (core) measurements distributed vertically in one borehole cannot be representative of lateral variance in hydraulic properties at the scale of transport considered here (Andricevic, 1996) . The core value of 3.01 thus provides a highly conservative value for the sensitivity analysis. pCi/L in the year 2354, well below 20,000 pCi/L, the amount specified by the U.S. Environmental Protection Agency (EPA) to produce a total body dose rate of 4 m r e d y r (the mandated limit for human exposure) (40 CFR 141.16, 1995) . At the same location, the mean concentration plus two standard deviations peaks at 5.5 x pCi/L. Transport calculations were performed for 90Sr and 137Cs, but due to the slow groundwater velocity and the sorptive properties of these nuclides, the model projected that these radionuclides would essentially be removed by decay prior to reaching the control plane. With the lowest dimensionless sorption value for 90Sr in 
Sensitivity Analyses
As discussed earlier, the'lack of hydrogeologic data from the Gasbuggy site could cause large discrepancies between model results and reality. To understand the relative importance of uncertainty in various model parameters, sensitivity analyses were conducted for the correlation scale of hydraulic conductivity, mean groundwater velocity, the variance of hydraulic conductivity, and the transverse hydrodynamic dispersion coefficient. For these hydraulic parameters, mean tritium concentration 183 m west of SGZ was computed to see how it differed from the 2.4 x pCi/L value initially predicted. If these results suggested a peak mean tritium concentration at the drilling exclusion boundary greater than 20,000 pCi/L, additional modeling was conducted to approximate the distance from SGZ at which concentrations would never exceed that value. Figure 6 shows the results of the sensitivity analysis for the correlation scale. The original value of h ( 18.3 m) was increased by a factor of two and a factor of five, yielding values of 36.6 and 9 1.5 m. At 183 m west of SGZ, increasing values of h cause increases in tritium concentration, with a h of 9 1.5 m producing a mean concentration of 2.5 pCi/L, five orders of magnitude higher than predicted for h = 18.3 m.
The results of the sensitivity analysis for mean velocity are shown in Figure 7 . A value of 0.48 m/yr was calculated by substituting the geometric mean of the hydraulic conductivity values of the Gelhar, 1993) , while sensitivity runs were made using two and five times that value.
Year
Figure 7. Sensitivity of mean tritium concentration 183 m west of surface ground zero to changes in mean groundwater velocity. The velocity of 0.18 d y r is the best estimate for the mean value at the site, with 0.48 d y r derived using the mean hydraulic conductivity from measurements on cores from the most transmissive 24 m of the Ojo Alamo. The high value of 6.5 d y r is from Sokol (1970) , and is based on the highest value from the core data.
lower 24 m of the Ojo Alamo for the mean field conductivity value in the velocity equation, while holding all other parameters constant. Sokol's (1970) highly conservative estimate of velocity (6.5 d y r ) was also used, along with the base-case value of 0.18 d y r . If mean velocity is assumed to be 0.48 d y r , mean tritium concentration 183 m west of SGZ would peak at 323 pCi/L. For the velocity of 6.5 d y r , the peak mean tritium concentration at the same location is 4.2 x lo8 pCi/L, and would exceed 20,000 pCi/L for slightly more than 1.2 km west of SGZ. These approximately three-and thirty-six-fold increases in velocity produce seven and 13 order-of-magnitude increases in concentration, respectively.
The results of the sensitivity analysis for variance are shown in Figure 8 . Data from the Gasbuggy site suggest a variance 1nK of 0.24, but this value is based on :a limited number of data from pumping tests. The value of 0.704 used in the sensitivity analysis is the highest value for the variance of 1nKin a sandstone aquifer reported by Hoeksema and Kitanidis (1985) . The value of 3.1, based on core samples from the lower 24 m of the Ojo Alamo is probably not representative of the variance 1nK on the transport scale used in this model. If the variance is assumed to be 3.1, model results indicate a peak mean tritium concentration of 8.2 x lo4 pCi/L 183 m west of SGZ. For this variance, peak mean concentration would exceed 20,000 pCi/L to a distance slightly less than 210 m west of SGZ. For the variance of 0.704, peak mean tritium concentration at the drilling exclusion boundary is 2.6 pCi/L. These three-and thirteenfold changes in the variance produce five and ten order-of-magnitude changes, respectively, in mean tritium concentration. Figure 9 shows the results of the sensitivity analysis for the transverse hydrodynamic dispersion coefficient. The value for Dt used in this study was estimated from aquifer characteristics, most notably that groundwater is conducted primarily through pores. High values of Dt result in a large degree of plume spreading, thus diluting a given mass of radionuclides, while low values of Dt minimize plume spreading, concentrating the mass into a smaller area. Values of 0.1 and 10 m2/yr were used in the sensitivity analysis, in addition to the original value of 1 m2/yr. For Dt=O. 1 m2/yr, model results indicate a peak mean tritium concentration of 4.0 x pCi/L 183 m west of SGZ.
For Q = l O m2/yr, peak mean concentration at that distance would be 1.0 x p C i L In these instances, tenfold changes in Dt produce approximately 1.3 and fourfold changes in concentration.
Sensitivity analyses were performed for the sorption coefficients for 90Sr and 137Cs using the high and low measured f& values (Table 1) as the mean, and applying the same variance computed from the data range. No case other than that using the lowest f& for 90Sr (reported in the results section) produced a peak concentration above the model's calculation limit (a concentration of approximately pCi/L). Even in the case of the low 90Sr Q, the peak mean concentration calculated was a negligible pCi/L. Thus, given the range in the & data, the results are not significantly impacted by this parameter.
I
The sensitivity to ZQ values beyond the measured range can be evaluated by considering calculations using no sorption. If no sorption is assumed, the peak mean concentration of would pass the control plane 549 years after the test at a concentration of 6.3 pC&, with a peak mean concentration plus two standard deviations (providing a confidence level of 95 percent) of 11 1 The results for the sensitivity analysis for the source size are shown in Figure 10 . As discussed previously, the source diameter assumed for this report (48 m) is larger than the estimated correlation scale (18.3 m). As a result, diffusion on a scale smaller than that of the correlation scale is not considered, and the area in which the radionuclide mass is present is kept artificially small, resulting in increased concentration values. To examine the effect of this phenomenon, a slightly different model, which fully incorporates the source size into all transport calculations (Cvetkovic et al., 1992) , was used to analyze the case of tritium migration to the control plane. Figure 10 shows the lower concentration values which result when the large ratio of source size to correlation scale is taken into account. In the case of the large-source model, for the location 183 m west of SGZ, the predicted peak mean concentration is 4.48 x pCi/L, and the peak mean concentration plus two standard deviations is 5.26 x pCi/L. It is important to note that the source size is not known; it is simply based on the estimated cavity diameter. The actual value could be larger or smaller than that assumed for this report.
DISCUSSION
The EPA promulgated regulations in 1976 regarding radionuclides in community water systems through 40 CFR 141, the Primary Drinking Water Regulations. Part 141.16 describes the maximum contaminant levels for beta particle and photon radioactivity from man-made radionuclides in community water systems. Although no community water systems currently exist downgradient of the Gasbuggy site, Part 141.16 provides a useful basis of comparison for the radionuclide concentrations calculated in the previous section.
The drinking water regulations actually limit the combined concentration of beta particle and photon radioactivity from man-made radionuclides to that producing less than an annual dose equivalent to the total body or any internal organ of 4 mredyr. Thus, the concentration limit for an individual radionuclide is influenced by the presence or absence of other radionuclides. For instance, the average annual concentration of 3H assumed to produce a total body dose rate of 4 mredyr is 20,000 pCi/L and the concentration of 9OSr assumed to produce a dose rate of 4 mredyr to bone marrow is 8 pCi/L. Those values would be the concentration limits only if either 3H or 90Sr were the only man-made beta or photon emitter in the water (above detection). If both 3H and 90Sr are present, or if they are present with any other beta or photon emitter, the maximum concentration limits for each will be lower, such that the combined dose rate remains below 4 mredyr.
The concentration limits where more than one radionuclide is concerned are obviously non-unique. For ease of reference, the radionuclide concentrations calculated for groundwater transport from Gasbuggy are compared to the maximum concentration limits calculated based on that radionuclide being the only one present (Table 2) . It should be recognized that this is merely for reference, and that the regulated concentrations will be lower if more than one radionuclide is present. For the base conditions modeled, none of the three nuclides considered (3H, 90Sr, and 137Cs) exceeds the 4 mremlyr limit, nor EPA's required detection limit, at the drilling exclusion boundary.
It must also be kept in mind that the release scenario considered here is highly conservative; it is likely that any release of radionuclides from the cavity to the Ojo Alamo, if it occurred at all, was almost certainly smaller than that used in the calculations. For example, it is known that tritium was vented to the atmosphere during production testing and that a significant amount of tritium remained present in the nuclear cavity, such that an instantaneous injection of all the tritium into the Ojo Alamo, as modeled here, is impossible. In addition, the results presented here are based on available data, which are extremely sparse. If the available values for transport parameters are not an accurate representation of conditions at the site, the results presented here could deviate significantly from reality.
I .
The sensitivity analyses indicate that, given the ranges used for the hydraulic transport parameters, changes in the mean groundwater velocity (0.18 to 6.5 mlyr) cause a larger change in modeled concentration values (2.35 x 10" to 4.2 x lo8 p C i , 183 m west of SGZ) than changes in the variance ( l a (0.24 to 3.1, yielding values from 2.35 x l o 5 to 8.2 x lo4 pCX), the correlation scale (18.3 to 91.5 m, yielding values from 2.35 x to 2.46 pCi/L), the transverse hydrodynamic dispersion coefficient (0.1 to 10 m2/yr, yielding values from 3.14 x to 1.0 x pCX), or the the incorporation of the relationship between the estimated source size and the estimated correlation scale into transport calculations (yielding a value of 4.48 x pCX). Though ZQ is also a sensitive parameter for 90Sr and 137Cs transport, the groundwater velocity is the most critical parameter in their transport as well. Thus, if a greater understanding of radionuclide transport from the Gasbuggy site is desired, accurate values for the mean groundwater velocity and the variance are the most important pieces of information to obtain.
It is important to note that the sensitivity analyses were conducted by holding all parameters constant, except the one being examined. If the value for any parameter differs from the value used in the sensitivity analyses for the remaining parameters, then the relative importance of those parameters could be different than that suggested here.
At the Gasbuggy site, radionuclide concentrations at the control plane appear to be highly sensitive to changes in the mean groundwater velocity. The high degree of sensitivity to this parameter is related to the extremely low groundwater velocity estimated for the site. Although the distance to the control plane is less than 1 km, when velocity is low, small changes in velocity can produce large changes in the time it takes for the centroid of the contaminant plume to reach the control plane. Given the radioactive nature of the contaminants considered, time is a significant remediating process. At low velocities, even a small change in transport time can have a significant effect on total radionuclide mass by changing the number of half-lives required for the plume centroid to reach the control plane. If radionuclides are being transported at higher velocities, then changes in the mean velocity have a less significant effect. For instance, if mean groundwater velocity were IO mlyr, the average tritium atom in a contaminant plume would take 18.3 years to travel 183 m, equivalent to approximately 1.5 half-lives; doubling the mean velocity to 20 mlyr, the average tritium atom would require 9.15 years to travel the same distance, equivalent to 0.74 half-lives. In this case, with fast-moving groundwater, doubling the mean velocity only allows 0.76 fewer half-lives to elapse during transport to the control plane. If, on the other hand, groundwater is slow moving, and mean velocity is 0.2 mlyr, a typical tritium atom would take 915 yr to travel 183 m, equivalent to 74 half-lives; doubling the velocity to 0.4 d y r halves mean transport time to 458 yr, equivalent to 37 half-lives. In this case, with slow-moving groundwater, doubling the mean velocity allows 37 fewer half-lives to elapse during transport to the control plane. Obviously, the large potential change in the number of half-lives that elapse during transport at low velocities can have a large effect on total mass, and thus concentration. This difference will be magnified with increasing transport distances.
Monitoring in well EPNG 10-36, conducted by EPA as part of the Long-Term Hydrologic Monitoring Program (LTHMP), detected the presence of tritium concentrations in excess of background levels in 1984 (Figure 1 l) , suggesting the possible migration of material from the cavity through the Ojo Alamo. An evaluation of the site, including data collected in field visits in 1994 and 1995, concluded that tritium was not entering well 10-36 from the Ojo Alamo Formation at that time, and that previous migration through the Ojo Alamo was unlikely to be a source of tritium (Chapman et& 1996) . The tritiumconcentration measuredin 10-36 during the LTHMP, which never exceeded 600 pCiL through 1994 (the last year for which a datum is currently available), is much higher and appears much sooner than what would be expected based on the transport of tritium from the cavity presented here, even presuming 10-36 is directly downgradient from the shot point. This discrepancy between the modeIing and monitoring results is explained by the analysis of Chapman et al. (1996) that transport through the Ojo Alamo does not account for the LTHMP results at 10-36.
CONCLUSIONS
The results of this study suggest that if 3H, 90Sr, and 137Cs from the Gasbuggy detonation are present in the Ojo Alamo, they are unlikely to be detectable, much less exceed EPA human consumption guidelines, outside of the area currently administered by DOE. Although calculations performed for some of the sensitivity analyses suggest tritium concentrations at the drilling exclusion boundary could be in exceedence of regulatory guidelines, it should be noted that the initial assumptions made for the modeling were conservative, and it is extremely unlikely that the values of the parameters which suggest this exceedence are representative of the actual values for the Ojo Alamo. These results are meant to serve as the basis for discussion of possible transport scenarios and the need for further investigations at the Gasbuggy site, not as definitive estimates of migration pathways or radionuclide concentrations.
The most critical factors affecting the transport calculations are the amount of radionuclides released into the Ojo Alamo (if any), and the values for the mean groundwater velocity and the variance of the natural logarithm of hydraulic conductivity in the Ojo Alamo. If needed, greater confidence in the calculations can be gained by obtaining additional data regarding fracturing in the
